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METHOD OF APPLICATION OF ELECTRICAL BIASING TO 

ENHANCE METAL DEPOSITION 

BACKGROUND OF TH E DISCLOSURE 

1. Provisio nal Application Information 

This application claims the benefit of U.S. Provisional Application No. 
60/201,133 filed May 2, 2000, which is herein incorporated by reference. 

2. Field of the Invention 

The invention generally relates to deposition of a metal layer on a substrate. 
More particularly, the invention relates to electrical biasing between an anode and a 
substrate to enhance deposition of a metal layer on the substrate. 

3. Description of the Background Art 

Sub-quarter micron, multi-level metallization is an important process for the next 
generation of ultra large scale integration (ULSI). Reliable formation of interconnect 
features permits increased circuit density, improves acceptance of ULSI, and improves 
quality of individual processed substrates. As circuit densities have increased, the 
widths of vias, contacts and other features, as well as the width of the dielectric 
materials between the features, have decreased. However, the heights of the dielectric 
layers have not changed substantially over the same time frame. Therefore, the aspect 
ratios (/.«?., the features height or depth divided by their width) of the minimum-width 
features have increased in recent years. Providing processing regimes to form these 
small features having an increased aspect ratio poses a challenge to traditional deposition 
techniques and processes. As a result, a great amount of ongoing effort is directed at the 
formation of void-free, nanometer-sized uniform ULSI features. 

Electroplating, previously limited in integrated circuit design to the fabrication of 
lines on circuit boards, is now used to deposit metals, such as copper, to form 
interconnect features such as vias, trenches, and contacts. Metal electroplating, in 
general, can be achieved by a variety of techniques. A feature-fill process including 
electroplating involves initially depositing a diffusion barrier layer over the feature 
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surfaces. Next, a seed layer 15 is deposited by a process such as physical vapor 
deposition (PVD) or chemical vapor deposition (CVD) on the feature surface. A metal 
layer is then deposited over the seed layer 15 by electroplating. Finally, the deposited 
layers can be planarized by another process, e.g., chemical mechanical polishing (CMP), 
to define a conductive interconnect feature. 

Deposition of a metal layer by electroplating is accomplished by providing an 
electric current between the seed layer deposited on the substrate (cathode) and a 
separate anode. Both the anode and the cathode are immersed in an electrolyte solution 
containing the metal to be deposited. The chemical reaction between the anode and the 
electrolyte solution provides more metal ions into the electrolyte solution. A suitable 
electric voltage applied between the anode and the seed layer 1 5 on the substrate attracts 
the metal ions to the seed layer. 

FIG. 2A shows a portion of a substrate having / feature 202 formed therein. 
The feature 202 includes walls 206 and bottom 20j/ Outside of the feature is a 
horizontal surface 204. A throat 212 defines the opting of the feature 202 is formed 
between walls 206, on the opposed side of each features 202. The seed layer 15 is 
applied over the horizontal surface 204, the walls/06, and the bottom 208. Metal ions 
deposit on the seed layer 15. Non-uniformity /m the deposited thickness of the metal 
layer on the walls 206 and the bottom 208 ofjfae feature, and the horizontal surface 204 
results because of minute sizes of the features, the different angular orientations of the 
different feature surfaces, and the increased charge density at the edges and corners of 
the features. Metal ions suspended ii/the electrolyte solution have difficulty entering 
the small feature due to the feature's4nall throat. The features have especially small 
entrance dimensions when the thr/at is closing off Therefore, the concentrations of 
metal ions in the electrolyte solu/on within the features are lower than the concentration 
of metal ions in the electro lyteysolution outside of the feature. This lower concentration 
of metal ions in the feature results in a lower deposition rate in the features. 

A high deposition rate of the metal on the substrate during electroplating results 
in the substrates being plated faster, and thus processing the substrates at a rate that 
achieves higher throughput. When the seed layer 15 on the substrate is immersed in the 
electrolyte solution, a closed circuit is formed between the anode and the cathode. The 
deposition rate on a seed layer is a function of the bias current being applied from the 
anode to the seed layer 15. However, if too much electrical current is initially applied 
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from the anode to the cathode, the deposited metal most rapidly forms at the throat of 
the feature. The deposited metal will likely close the throat of the feature before the 
inside of the feature is completely filled by deposited metal. The difficulty in 
depositing metal in the features before the throat is closed results from a difficulty in 
enhancing the concentration of metal ions in the electrolyte solution contained in the 
features of the substrate. Therefore, the initial bias deposition voltage applied to the 
seed layer 15 in electroplating systems is often limited to a value (approximately 0.8 
volts) to provide relatively slow metal deposition that is sufficient to overcome the 
electrolyte solution etching away the seed layer 15 while not closing off the throat 212 ' 
of the feature. The level of the current/voltage between the anode and the plating surface 
controls the deposition rate in the horizontal surfaces 204 above and outside of the 
feature, as well as the walls 206 of the feature and the bottoms 208 of the feature. 

Care must be provided to limit closing of the throat 212 of the features during 
deposition as shown in FIG. 2B. If the throat 212 of the feature closes before the 
interior of the feature is filled with the deposited material, a void 214 is created within 
the feature 202. The integrity of an electronic device having voids formed therein is 
compromised. 

Therefore, there is a need for an electroplating process that fills the feature 
before the bulk deposition of metal on the horizontal surface. Such an electroplating 
process would improve the deposition of metal ions within the feature during the initial 
metal ion deposition processes. 

SUMMARY OF THE INVENTION 

In one aspect, a method and associated apparatus is provided for depositing 
metal on a plating surface of an object immersed in an electrolyte solution prior to a 
bulk deposition on the horizontal surface of the plating surface. A voltage is applied 
from an anode to the plating surface to enhance the concentration of metal ions in the 
electrolyte solution contained in the features on the plating surface prior to the bulk 
deposition on the plating surface. 



AM AT 4471 

-5- 

BRIEF DESCRIPTION OF THE DRAWINGS 

The teachings of the present invention can be readily understood by considering 
the following detailed description in conjunction with the accompanying drawings, in 
which: 

FIG. 1 shows a cross sectional view of an embodiment of electrochemical 
deposition system; 

FIG. 2, comprising FIGs. 2A and 2B, shows a side cross sectional view of an 
object such as a semiconductor substrate including a via or trench, with the object 
undergoing a variety of metal deposition processes; 

FIG. 3 shows one embodiment of a current vs. time graph of one embodiment of 
current versus time waveform to be applied to the substrate during steps 1 , 2, and 3 of 
an electrochemical deposition process; 

FIG. 4 shows one embodiment of method to deposit metal on a seed layer on a 
substrate; 

FIG. 5 is a schematic diagram of an embodiment of the recirculating/refreshing 
system shown in FIG. 1 ; and 

FIG. 6, including FIGs. 6A to 6F, shows a side view of a progression of 
depositing metal on a seed layer on a substrate. 

To facilitate understanding, identical reference numerals have been used, where 
possible, to designate identical elements that are common to the figures, 

DETAILED DESCRIPTION 

After considering the following description, the teachings of embodiments of the 
invention can be readily utilized in metal deposition applications. More particularly 
these teachings can be utilized in methods of biasing the voltage between an anode and a 
seed layer 15 on a semiconductor wafer (or another object that is configured as a 
cathode) in an electroplating deposition system. Such biasing of the voltage enhances 
the metal deposition in features formed in the substrate. One embodiment of an 
electroplating cell configuration is described. The application of electricity to a plating 
layer is then described. 

Although a semiconductor wafer or substrate is disclosed herein as the object 
being electroplated, the concepts of the different embodiments of metal deposition 
system can be used to deposit metal on any seed layer on an object having features. The 
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terms "metal" or "metal ions" as described herein is intended to mean any seed layer 1 5 
form of material to be deposited on the substrate such as ions, atoms, or particles. 

1. Electroplating Cell Configuration 

The application of electricity to the plating layer and the associated deposition 
rates of metals on the seed layer are now described. In the following disclosure, the 
terms "plating current" and "deplating current" are used to describe those electrical 
currents resulting in current densities being applied to the plating surface of the seed 
layer that have a tendency to respectively enhance the plating action or enhance the 
deplating (etching) action on the seed layer. In this disclosure, the term "contact ring" 
describes the electrical contact(s) that supplies electricity to the seed layer. Other 
known types of contacts such as contact pins, contact pads, or contact rods may 
supply electricity to the seed layer. 

FIG. 1 illustrates one embodiment of electrochemical deposition (ECD) system 
10 for electroplating metal on a seed layer 15 of a substrate 48. The ECD system 10 
includes an electrolyte cell 12 having an upper opening 13, an anode 16 mounted in a 
bottom portion of the electrolyte cell 12, and a removable substrate holder 14 that 
secures a substrate so the substrate can be pivoted into, and out of, the electrolyte 
solution contained in the electrolyte cell. The substrate holder 14 includes a contact ring 
9 and a thrust plate 66. Electrolyte solution is contained in the electrolyte cell such that 
when a seed layer formed on the substrate is contacting the electrolyte solution, the 
electrolyte solution forms an electrical bridge between the anode and the seed layer on 
the substrate. Electrical voltages are applied between the anode and the seed layer, 
resulting in an electrical current being established from the anode to the seed layer. The 
seed layer therefore acts as a cathode when properly electrically biased. 

The electrolyte cell 12 comprises an anode base 90 and an upper cell member 92. 
The anode 16 is mounted to the anode base 90 by anode supports 94. The anode 
supports 94 are tubular in shape and surround a feed through 95, and the anode 
supports are preferably made from an elastomeric or plastic material. Feed throughs 95 
are contained in the anode supports 94 that connect the anode 16 to the controller 98. A 
controller 98 controls the electrical power supplied to the anode. In one embodiment, a 
power supply with an external control can be used as a simplified controller 98. 
Alternatively, the sides of the anode may be mounted to the interior sides of the 
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electrolyte cell 12. The upper cell member 92 is removably fastened to anode base 90 
by fasteners. 

The substrate holder 14 includes a head portion 64 that can hold a substrate 
immersed in the electrolyte solution contained in the ECD system 10. Certain 
embodiments of the head portion 64 are configured to rotate the substrate about the 
vertical axis of the substrate. Other embodiments of head portion 64 are configured to 
maintain the substrate without rotation. 

The thrust plate 66 of the substrate holder 14 is displaced to a raised position 
when a robot is loading or unloading a substrate onto the contact ring 9 of the substrate 
holder. The surface of the substrate plated with the seed layer generally faces 
downward in ECD systems. Following insertion of the substrate onto the contact ring, 
the substrate lies on the contact ring such that the periphery of the seed layer 15 on the 
substrate electrically contacts the contact ring. The thrust plate 66 is then lowered 
firmly against the upper surface of the substrate to provide force between the seed layer 
1 5 and the contact ring 9 to enhance the electrical contact. Electricity can therefore be 
applied from the controller 98 via the contact ring 9 to the seed layer 15 on the 
substrate. In certain embodiments, the contact ring, the thrust plate, and of the 
substrate 48 rotate as a unit to effect rotation of the substrate during the metal 
deposition process. In other embodiments, the contact ring, the thrust plate, and the 
substrate do not rotate as a unit during plating. 

During the metal deposition process, a plating charge is applied from controller 
98 via contact ring 9 to a seed layer deposited on a substrate 48. The plating charge 
causes the seed layer 15 formed on the substrate to perform as a cathode that is 
electrically coupled to the anode 16 by the electrolyte solution 79. The charged seed 
layer attracts metals that are contained within the electrolyte solution 79 within the 
vicinity of the seed layer (usually in the form of metal ions), thus providing metal 
deposition on the seed layer on the substrate. 

The chemicals in the electrolyte solution contained in the electrolyte cell are 
maintained to ensure proper plating and/or etching. A hydrophilic membrane 89 
surrounds the anode 16. Alternatively, the hydrophilic membrane could be mounted to 
extend horizontally across the electrolyte cell 12 above the substrate. The chemical 
reaction of the electrolyte solution with the anode results in the supply of metal ions 
into the electrolyte solution and a release of a material from the anode called anode 
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sludge. The hydrophilic membrane 89 is selected to filter the anode sludge contained 
within the electrolyte solution, while permitting metal ions (for example copper, copper 
ions, or aluminum) supplied from the anode 16 to pass from the anode 16 to the cathode 
48. The electrolyte solution that is input from the input port 80 passes around the 
5 anode and may contact the upper surface of the anode. The electrolyte solution 
chemically reacts with anode 16 releasing the metal ions into the electrolyte solution. 
The electrolyte solution carries the metal ions provided by the anode 16 to the substrate 
48. Some additional metal ions are contained in the electrolyte solution input through 
input port 80 that are also carried to the anode. 

10 Electrolyte solution is supplied to electtWte cell 12 via electrolyte input port 

80. The displaced electrolyte solution in the electrolyte cell 12 flows over the annular 
weir portion 83 into an annular catch 85, that in turn drains into electrolyte output 88 
^(jjp that is fluidl y coupled to a recirculatio/(/refreshing system 87. The recirculation/ 
^freshing system 87 refreshes the chemrfstry of the electrolyte solution to a level that is 

15 suitable for electroplating, then recirculates the electrolyte solution into the electrolyte 
cell 12. The refreshed electrolyse solution output from the recirculation/refreshing 
system 87 is applied to the inlebport 80 of the electrolyte cell 12 to define a closed loop 
for the electrolyte solution, as^iow described. 

FIG. 5 is a schematic diagram of one embodiment of recirculation/refreshing 

20 system 87. The recirculation/refreshing system 87 generally comprises a main 
electrolyte tank 502, a dosing module 503, a filtration module 505, a chemical analyzer 
module 516, and an electrolyte waste disposal system 522 that are connected to the 
analyzing module 516 by an electrolyte waste drain 520. One or more controllers 510, 
511, and 519 control the composition of the electrolyte in the main electrolyte tank 502 

25 and the operation of the recirculation/refreshing system 87. Controllers 510, 511, and 
519 may be independently operable but associated with the controller 98, or 
alternatively the controllers 510, 51 1, and 519 may be physically integrated in controller 
98. 

The main electrolyte tank 502 provides a reservoir for electrolyte and includes an 
electrolyte supply line 512 that is connected to electrolyte cell 12 through one or more 
fluid pumps 508 and valves 507. A heat exchanger 524 or a heater/chiller disposed in 
thermal connection with the main tank SO^controls the temperature of the electrolyte 
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^vjp ^ stored in the main electrojytb- tank 502. — Tho hr»nt mr^nnp^ ^74 rr . n nfT f H trt ar "* 
operated by the c o nt fqyr 5 1 0. 

The dosing module 503 is connected to the main electrolyte tank 502 by a 
supply line and includes a plurality of source tanks 506, or feed bottles, a plurality of 
5 valves 509, and the controller 511. The source tanks 506 contain the chemicals that are 
mixed to form the electrolyte solution. One embodiment of the source chemicals 
contained in the source tanks includes a de-ionized water source tank and copper sulfite 
source tank for composing the electrolyte. Other source tanks 506 may contain 
hydrogen sulfite, hydrochloric acid (HC1) and various additives such as glycol. 
1 0 The deionized water source tank preferably also provides deionized water to the 

system for cleaning the system during maintenance. The valves 509 associated with 
each source tank 506 regulate the flow of chemicals to the main electrolyte tank 502 and 
may be any of numerous commercially available valves such as butterfly valves, throttle 
valves and the like. The controller 5 1 1 activates valves 509. 
15 The electrolyte filtration module 505 includes a plurality of filter tanks 504. An 

electrolyte return line 88 is connected between each of the process cells and one or more 
filter tanks 504. The filter tanks 504 remove the undesired contents in the used 
electrolyte before returning the electrolyte to the main electrolyte tank 502 (the 
electrolyte cell 12) for re-use. The main electrolyte tank 502 is also connected to the 
20 filter tanks 504 to facilitate re-circulation and filtration of the electrolyte in the main 
electrolyte tank 502. By re-circulating the electrolyte solution from the main tank 502 
through the filter tanks 504, the undesired contents in the electrolyte are continuously 
removed by the filter tanks 504 to maintain a consistent level of purity. Additionally, 
re-circulating the electrolyte between the main electrolyte tank 502 and the filtration 
25 module 505 allows the various chemicals in the electrolyte solution to be thoroughly 
mixed. 

The recirculation/re freshing system 87 also includes a chemical analyzer module 
516 that provides real-time chemical analysis of the chemical composition of the 
electrolyte. The analyzer module 5 1 6 is fluidly coupled to the main electrolyte tank 502 
30 by a sample line 513 and to the waste disposal system 522 by an outlet line 521. The 
analyzer module 516 generally comprises at least one analyzer and the controller 519 to 
operate the analyzer. The number of analyzers required for a particular processing tool 
depends on the composition of the electrolyte. For example, while a first analyzer may 
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be used to monitor the concentrations of organic substances, a second analyzer is needed 
for inorganic chemicals. In the specific embodiment shown in FIG. 5 the chemical 
analyzer module 516 comprises an auto titration analyzer 515 and a cyclic voltametric 
stripper (CVS) 517. Both analyzers are commercially available from various suppliers. 
An auto titration analyzer that may be used to advantage is available from Parker 
Systems and a cyclic voltametric stripper is available from ECI. The auto titration 
analyzer 515 determines the concentrations of inorganic substances such as copper, 
chloride, and acid. The CVS 517 determines the concentrations of organic substances 
such as the various additives that may be used in the electrolyte and by-products 
resulting from the processing which are returned to the main electrolyte tank 502 from 
the process cells. 

In operation, a sample of electrolyte solution is flowed to the chemical analyzer 
module 516 via the sample line 513. Although the sample may be taken periodically, 
preferably a continuous flow of electrolyte solution is maintained to the chemical 
analyzer module 516. A portion of the sample is delivered to the auto titration analyzer 
515 and a portion is delivered to the CVS 517 for the appropriate analysis. The 
controller 519 initiates command signals to operate the analyzers 515, 517 resulting in 
the generation of data. The information from the chemical analyzers 515, 517 is then 
communicated from the controller 519 to the controller 98. The controller 98 processes 
the information and transmits signals that include user-defined chemical dosage 
parameters to the dosing controller 511. The received information is used to provide 
real-time adjustments to the source chemical replenishment rates by operating one or 
more of the valves 509 thereby maintaining a desired, and preferably constant, chemical 
composition of the electrolyte solution throughout the electroplating process. The 
waste electrolyte from the analyzer module is then flowed to the electrolyte waste 
disposal system 522 via the outlet line 52 1 . 

The controller 98 shown in the embodiment of FIG. 1 controls electric voltage or 
current supplied to the anode 16 and the seed layer 15 on the substrate/cathode 48 as 
well as controlling the overall operation of the recirculation/refreshing system 87. The 
controller 98 comprises a central processing unit (CPU) 260, a memory 262, a circuit 
portion 265, an input output interface (I/O) 264, and a bus (not shown). The controller 
98 may be a general-purpose computer, a microprocessor, a microcontroller, or any 
other known suitable type of computer or controller. The CPU 260 performs the 
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processing and arithmetic operations forAe controller 98, and controls the operation of 
the electricity applied to the anode^Ol^the seed layer 15 of the substrate 48, the 
operation of the substrate holder 14, and the operation of the recirculation/refreshing 
system 87. 

The memory 262 includes random access memory (RAM) and read only 
memory (ROM) that together store the computer programs, operands, operators, 
dimensional values, system processing temperatures and configurations, and other 
parameters that control the electroplating operation. Bus (not shown) provides for 
digital information transmissions between CPU 260, circuit portion 265, memory 262, 
and I/O 264, and also connects I/O 264 to the portions of the electrolyte solution 
dispensing system 100 that either receive digital information from, or transmit digital 
information to, controller 98. 

I/O 264 provides an interface to control the transmissions of digital information 
between each of the components in controller 98. I/O 264 also provides an interface 
between the components of the controller 98 and different portions of the electrolyte 
solution-dispensing system 100. Circuit portion 265 comprises all of the other user 
interface devices (such as display and keyboard), system devices, and other accessories 
associated with the controller 98. While one embodiment of digital controller 98 is 
described herein, other digital controllers as well as analog controllers could function well 
in this application, and are within the intended scope of the invention. 

2. Electrical Application to Plating Layer 

In one embodiment, the electrolyte solution is primarily formed from copper 
sulfite. The copper sulfite reacting with the anode produces the copper ions that are 
released at the anode. The copper ions that are released at the anode are deposited on 
the seed layer 1 5 of the substrate. In one embodiment, the anode comprises pure 
copper or a copper alloy. Alternatively, the anode can be formed of any metal to be 
deposited on the substrate. The electrochemical reaction between the anode and the 
electrolyte solution causes the pure copper to be released as ionic copper. At the seed 
layer 15 on the substrate, ionic copper is converted to atomic copper such that a thin 
film of atomic copper is deposited on the seed layer 15 during the deposition process. 

An analysis is now performed to derive the deposition rates for two voltage 
biases established between the anode and the seed layer 15 on the substrate. The first 
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voltage analyzed is a 0.8-volt bias that represents the initial voltage commonly applied 
in present systems between the anode and the seed la>er on the substrate. The second 
voltage analyzed is a 5.0-volt bias that represents one embodiment of voltage applied 
between the anode and the seed layer on the substrate in one embodiment of the present 
invention. The other values (current, resistance, etc.) used in the analysis are identical. 
The following analysis indicates the effect that voltage has on deposition rate. The 
following equations assume a chemical etch rate of 1 A/sec, and that the seed layer on 
the substrate is fully immersed in the electrolyte solution. In this disclosure, a current 
of 3.14 amps on a 200 mm diameter wafer provides a current density of 10 mA/cm 2 . 
This 3.14 amp value would have to be adjusted for wafers of different diameters to 
maintain the 10 mA/cm 2 current density. For example, a 10 mA/cm 2 current density for 
a 300 mm wafer requires a 4.71 amp value. 

For a bias of 0.8 volts between the anode and the seed layer on the substrate: 
Using Ohms law: 



V 2 I 2 R E^nO) 



or 

3.14A 2.9 Volts 



Equation (2) 



/ O.SVolts 

Rearranging to derive I yields: 

. 0.8x3.144 rt 
~" 29 = 0.87amps Equation (3) 

The chemical etch rate on the cathode seed layer 15 is about .7 A/sec and is not 
dependent on the voltage. In the embodiment of ECD system shown in FIG. 1, a 
current of 3.14 amps yielded a measured deposition rate of 36.7 A/sec. Since the 
deposition rate is directly proportional to the current, the deposition rate with a 0.8 volt 
bias between the anode and the cathode yields: 
3.14 36.7 



Equation (4) 



where x is the deposition rate. This equation for the deposition rate is applicable only 
when the substrate is completely immersed in the electrolyte solution. During the 
immersion of the substrate in the electrolyte solution, the voltage is constant at 0.8 
volts, but the electric current ramps up depending largely upon the percentage of the 
seed layer 15 on the substrate that is immersed in the electrolyte solution. The 
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deposition rate across the entire seed layer 15 also slowly increases proportionately 
with the ramping of the electric current. The above equation yields: 

_ 36.7x0.87 
*~ 3.14 

10.17 A/sec Equation (5) 



Now, perform the same calculations using a 5 -volt bias between the anode and the seed 
layer on the substrate: 

Using Ohms law: 
V I R 

_L = _! — Equation (6) 

V 2 I 2 R 

As described above, a current of 3.14 amps corresponds to a current density of 10 
mA/cm for a 200mm diameter wafer. 

3.14A 2.9Volts c . ... 

= Equation (7) 

J 5.0Volts 

rearranging the above terms to derive I yields: 

r 5.0x3.14A c Ai ^ 

/ — — 5.4 lamps Equation (8) 

Using a 200mm wafer in one embodiment of electroplating system, a current of 
3.14 amps yields a measured deposition rate of 36.7 A/sec. Since the deposition rate is 
directly proportional to the current, the deposition rate with a 5 volt bias between the 
anode and the cathode yields: 
3.14 36.7 



h.Ovnlt X 



Equation (9) 



where x is the deposition rate. This equation for the deposition rate is applicable only 
when the substrate is completely immersed in the electrolyte solution. During the 
immersion of the substrate in the electrolyte solution, the bias voltage is constant at 5 
volts between the anode and the substrate seed layer, but the electric current is ramping. 
The ramping rate is a function of the amount of the substrate seed layer that is immersed 
in the electrolyte solution. The deposition rate also increases proportionately with the 

ramping up of the electric current. The above equation yields: 

_ 5.41x36.7 _ 
X ~ 3.14 

63.2 A/sec Equation (10) 
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Thus, altering the bias voltage from the anode to the substrate seed layer from a 
level of 0.8 volts to a level of 5 volts with the entire seed layer contained in the 
electrolyte solution increases the deposition rate from 10.17 A/sec to 63.2 A/sec as 
indicated by equations (5) and (10). 
5 In a bottom-up deposition process generated by a bottom-up electric field in the 

electrolyte solution around a feature, the current density at the bottom 208 of a feature 
exceeds the current density of the horizontal surface 204 and the walls 206 of the 
feature. Therefore, with bottom-up deposition the deposition rate at the bottom 208 of 
the feature is higher than the deposition rate at the wall surface 206 of the feature. With 
10 bottom-up deposition, feature 202 will completely fill from the bottom up, yielding a 
feature substantially without voids. Following bottom-up deposition, further 
deposition on the metal layer of the horizontal surface 204 will increase the thickness of 
the horizontal surface 204 and above the filled feature 202. Filling the features with 
bottom-up deposition prior to the deposition processes (that apply the majority of the 
1 5 thickness of the metal to the horizontal surface 204) is desired. 

To vary the deposition rate in the seed layer, the current density jSjtfeT applied 
across the face of the seed layer 15 is thus varied depending upon the type of processing 
that the substrate is undergoing. In one embodiment, a deposition method includes six 
steps (labeled step 1 to step 6) that an object such as a semiconductor substrate 
20 undergoes during a metal deposition process. The initial step is labeled step 1 . Step 1 
relates to the insertion of the substrate in the ECD system. Little metal is deposited on 
the substrate during step 1. The majority of metal deposition on the horizontal surface 
204 of the seed layer 1 5 on the substrate occurs during steps 3 to 6 of the electroplating 
process, and is known as the "bulk deposition" portion of the electroplating process. 
25 Steps 1 to 6 are now each described sequentially in detail: 

Step 1: To enhance the description of the current biasing between the anode and 
the seed layer 15 on the substrate, FIG. 3 is provided a graph 390 of one embodiment of 
the waveforms of steps 1 to 3 as respective current waveforms 311, 312, and 314, 
where the abscissa 316 represents time in arbitrary units and the ordinate 317 represents 
30 current in amps applied between the anode and the seed layer 15 on the substrate. 

To assist in the description of/he deposition on the seed layer, the FIG 6 
progression (including FIGs. 6A to 6F ) is provided to show different stages of a metal 
eposited laye/ 6(M/forming on the seed layer 15. The seed layer 15 shown in FIGs. 
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2A, 2B, and 6A to 6F is described as serrate from the metal deposited on the seed 
layer. The seed layer 15 and the subsequ/nt deposited layer are typically formed from 
the same metal (for example copper), add a material-based boundary between the seed 
layer and the subsequent metal depositi/n does not exist. The seed layer 1 5 is shown as 
a separate layer from the subsequent metal deposition to indicate the depth of the metal 
deposition at different locations. FIG/6A shows the seed layer 15 formed on walls 206, 
bottom 208, and horizontal surface 204. No metal deposition has formed on the seed 
layer in FIG. 6A. A process, such L PVD or CVD, applies the seed layer 15. The 
process is performed before the substrate is inserted in the ECD system. 

The step 1 current 3 1 1 involves the electricity applied to the substrate before 
and during the initial immersion of the substrate into th/electrolyte solution. During the 
immersion process represented as step 1, only a certain percentage of the seed layer 15 
is immersed in the electrolyte solution. Many *4bodiments of substrate holders 14 
"rotate" the substrate between 1 and 50 RPM as the substrate is immersed in the 
electrolyte solution. Since only a percentage^ the substrate plating surface is immersed 
in the electrolyte solution, the plating current density level from the anode to the 
cathode is relatively low during step 1 VThe low deposition rate across all portions of 
the seed layer 15 during the immersioh process is desired since otherwise, metal would 
be deposited only on those portion/of the seed layer 15 on the substrate that have been 
instantaneously immersed in the/electrolyte solution. Such metal deposition occurs on 
certain seed layer portions, Wt not others. Even brief immersion (with a considerable 
current density applied to ifie substrate) may lead to a non-uniform deposition across 
the surface of the seed l^er. During step 1, the cathode/substrate seed layer is biased 
with a negative voltagetelative to the anode ranging from about 1 to 5 volts to provide a 
slight plating curren/to the plating surface. This slight plating current limits etching of 
the seed layer 15 by the electrolyte solution that has a low pH (a low pH indicates the 
electrolyte solutjtm is acid). Following the complete immersion of the substrate into the 
process position, step 2 is commenced. Step 1 is used to insert the substrate into the 
electrolyte solution with limited uneven deposition applied in combination with limited 
(or no) etohing. 



Step 2: This step involves" attracting the metal ions in close proximity to the 
entire topography of the seed/layer on the substrate including the portion of the seed 
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layer covering the feature such that the met/ ;an be deposited on the different portions 
of the seed layer 15 on the substrate (in^ding within the feature), as described below. 
In FIG. 3, reference character 312 sho<vs one embodiment of step 2 current. Step 2 is 
performed with the seed layer 15 o/4e substrate having a negative bias voltage ranging 
from 2 to 10 volts relative to the^node (one embodiment uses 5 volts). As indicated by 
the equation above, 5 volts applied between the seed anode and the anode results in an 
approximate plating direcyburrent of 5.41 amps for a 200mm diameter substrate. The 
5.41 amp value applied/Tor a substrate that is completely immersed in the electrolyte 
solution and the cur/nt has stabilized following ramping. The duration of step 1 is 
effected by the electric current ramping rate of the substrate being inserted into the 
electrolyte solution. Step 2 combined with step 1 typically lasts from 1/4 to 2 seconds, 
and not more' than 5 seconds. 

Metal ions contained in the electrolyte solution are deposited on the walls 206, 
bottom 208, and horizontal surface 204 as indicated by respective reference characters 
610, 612, and 614 in FIG. 6B during step 2. The metal ions contained in the electrolyte 
solution are attracted to the vias or trenches in substantially similar, or even higher, 
concentrations than the metal ions adjacent the horizontal surfaces 204 of the substrate. 
Providing a higher bias voltage between the anode and the seed layer 1 5 on the substrate 
yields higher deposition rates at the walls 206, bottom 208, and horizontal surface 204 
since the metal ions are attracted to this portion of the plated surface. Providing the 
step 2 feature-filling negative bias voltage (5 volts) of the substrate seed layer relative to 
the anode does not significantly affect the fluid boundary layer adjacent the substrate 
since voltage levels does not appreciably affect the fluid flow characteristics of the 
electrolyte solution. Providing a smooth fluid boundary layer (without eddies) provides 
optimum metal deposition characteristics because fluid turbulence disrupts metal 
deposition on substrates. The step 2 feature-filling voltage increases the concentration 
of metal ions in the electrolyte solution within the features because more metal ions are 
attracted to the vicinity of (and within) the features by the electric charge applied to the 
seed layer. 

The 5-volt feature-filling step 2 bias between the anode and the seed layer 1 5 
enhances the concentration of metal ions contained in the electrolyte solution that enter 
the feature. A depletion region 99 is created within the electrolyte solution that is 
located proximate the seed layer. The depletion region represents the volume in the 
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electrolyte solution where the copper sulfite is dissociated into copper ions and sulfite 
ions. The positively charged copper ions are attracted to the substrate seed layer. The 
negatively charged sulfite ions from the charges for the depletion region, and are carried 
over the annular weir 83 to the recirculation/refreshing system 87. All other factors 
being consistent, a greater voltage between the anode and the substrate seed layer will 
result in a depletion region 99 having a larger size. The concentration of metal ions 
within the electrolyte solution contained in the features will approach and perhaps 
surpass the concentration of the metal ions in the electrolyte solution contained in the 
remainder of the electrolyte chamber 12. Therefore, the deposition rate of the metal on 
the bottom 208 of the features is similar to the deposition rate of the metal on those 
portions of the seed layer that are the horizontal surface 204. This enhanced deposition 
rate at the bottom of the feature results in the bottom-up deposition. 



During the step 2 deposition, the electric current ramp / ^9 / results since some 
finite time is required for the electric current applied to the substrate to reach its full 
step 2 level of electric current following immersion of the substrate in the electrolyte 
solution. The electric current ramping limits the amount of the full deposition rate that 
is performed during steps 1 and 2 (for example the 63 angstrom per second deposition 
rate described above relative to the current, voltage, and wafer size). 

The electrolyte solution used in the bath has a low pH of approximately .8, 
meaning that the electrolyte solution is acidic. One of the major components of the 
electrolyte solution is hydrochloric acid that contributes largely to the acidity of the 
electrolyte solution. Without any electrical bias between the anode and the seed layer, 
the electrolyte solution will chemically etch the seed layer 15 on the substrate when the 
substrate is immersed in the electrolyte solution. This chemical etch rate of a seed layer 
1 5 on a substrate immersed in the electrolyte solution is independent of the voltage level 
of the seed layer 1 5 on the substrate. The chemical etch rate is not related to the 
electrochemical reaction associated with the metal deposition. Providing an electrical 
bias to the substrate that compensates for the low pH is important. 

This step 2 feature-filling voltage is selected to be at a level that enhances the 
concentration of metal ions in the electrolyte solution. This voltage is also adequate to 
compensate for the chemical etching action of the electrolyte solution. The wall 206 and 
the bottom 208 often have a thinner metal deposition than the horizontal surface 204 as 
a result of previous processing such as PVD or CVD that was performed on the 
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substrate before the substrate was sent to the ECD system. If an unbiased seed layer 15 
of a substrate is immersed into an acidic electrolyte solution, a portion of the copper 
seed layer (most likely wall 206 at the bottom 208 within the feature) may become 
thinner or even discontinuous in a matter of seconds. Plating cannot proceed on any 
portion of the substrate without the seed layer formed on the substrate. Enough 
negative voltage is applied to the substrate seed layer relative to the anode to limit the 
copper seed layer (fonriing the seed layer 15) being etched by the electrolyte. As a 
result of the level of biasing and the plating current, the rate of metal deposition on the 
seed layer is above the rate of etching the deposited material on the seed layer. 
Additional components of the electrolyte solution may include a deposition enhancer 
(that enhances copper deposition rate onto the seed layer on the substrate), a brightener, 
and suppressors to enhance gap fill. A large plating current from the anode to the seed 
layer is not necessary to compensate for an etch rate, because the etch rate is actually 
relatively low (about .7 A per second). A .7 amp current provides a deposition rate of 
about 10 A per second, for example. 

The step 2 feature-filling bias results in high mobility of the copper ions 
contained in the electrolyte solution. If step 2 feature filling voltage is too high, the 
throats of the features will close before the feature is filled by deposited material 
(thereby creating voids in the features). Applying the step 2 feature filling voltage for 
too long will reduce the uniformity of the thickness of the deposited layer. The step 2 
voltage thus acts to initially attract the copper ions in close proximity to, and deposit 
metal on, the entire topography (including the features) of the seed layer 15 on the 
substrate. 

Step 3: This step involves an application of an initial plating current, as well as 
a pulse current waveform 300, to the seed layer 15 on the substrate. One embodiment 
of step 3 current is shown within pulsed region 314 in FIG. 3. In the pulse current 
waveform 300, positive plating currents from the _ anode to the seed layer on the 
substrate are alternated with negative de-plating currents. The plating currents deposit 
metals on the seed layer on the substrate, including within the features. The de-plating 
currents keep the throats of the features open until subsequent plating currents fill the 
features. Steps 1 , 2, and 3 interact to fill the features formed in the seed layer on the 
substrate. 
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Following the application of the step 2 current, certain portions of the seed layer 
15 on the substrate shown in FIG. 2A are typically thin as shown in FIG. 6B. For 
example, metal deposited on the horizontal surface 204 has a depth of about 200 to 
2,500 A while the metal deposited in the features has a depth of about 50 to 400 A. An 
initial step 3 plating current 323 is therefore applied to build up the depth of the 
deposited layer 614 on the substrate at horizontal surfaces 204, the deposited layer 610 
on the walls 206, and the deposited layer 612 on the bottom 208. The initial plating 
current 323 involves application of the same current as plating current 308 (that is 
applied for each pulse cycle 300), but extends 0 to 1.5 seconds longer than the plating 
current 308 for the non-initial pulse cycles 300. Initial plating current 323 is applied for 
a longer period than plating current 308 to increase the thickness of those portions of 
the seed layer that are most thin to limit the formation of discontinuities in the seed 
layer. The initial plating current is maintained at about 3.14 (but may range from 1.5 to 
6.5) amps for a 200 mm diameter wafer for about 4 (but may range from 1 to 7) seconds. 

Following this initial pulse plating current, the current of the pulse cycle 300 is 
pulsed for a number of times that is a function of the depth of the features. In an 
exemplary embodiment, the current is pulsed for about 15 times. Each pulse cycle 300 
comprises a plating current 306 of from about .05 to .5 (preferably about .2) amps that 
lasts for from about 0.05 to .3 (preferably about .1) seconds, followed by a plating 
current 308 of about 1.5 to 6.5 (preferably about 3.14) amps for a 200mm diameter 
wafer that lasts for about 1 to 5 seconds, and finally followed by a deplating current 310 
of approximately -20 to -40 (preferably about -25) amps that lasts for about .05 to .2 
(preferably about .1) seconds. 

The plating current 306 redistributes the metal ions contained in the electrolyte 
solution such that the concentration of copper ions is enhanced within the electrolyte 
solution within the features. The plating current 308 provides deposition of the metal 
on the substrate, including the features. FIG. 6D shows metal depositions 610, 612, and 
614 respectively on the wall 206, bottom 208, and the horizontal surface 204 following 
the positive plating current 308. In FIG. 6D, throat portion 620 is nearly, but not 
entirely, closed off. 

The metal depositions 610, 612, and 614 shown in FIG. 6C are each thickened 
following the initial pulse plating current 323 flowing from the anode to the seed layer. 
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The thickened depositions limit damage to the seed layer 15 by subsequent etching 
processes. 

The deplating current 310 etches the portions of the depositions adjacent to the 
throats 620 of the features to keep the throats open. Keeping the throats 620 open 
allows continued deposition to limit the formation of voids within the features. FIG. 6E 
shows metal depositions 610, 612, and 614 respectively on the wall 206, bottom 208, 
and the horizontal surface 204 following the deplating current 310. The deplating 
current 310 etches away the metal depositions particularly at horizontal surface 614 and 
throat 620. The small dimension of throat 620 provides a constriction of the width of 
the opening into space 622, that limits the width (and amount) of the electrolyte 
solution contained at the throat. The limited amount of electrolyte solution at throat 
limits the electrical current that is conducted from the electrolyte solution contained in 
the electrolyte cell 12 to the electrolyte solution contained in the features. The 
constricted electrical current flowing into the electrolyte solution contained in the space 
622 (during the de-plating current 310) limits the etching of the metal depositions 610 
and 612 within the feature during the deplating current 310. During the plating current 
308, metal deposits form within the wall 206, the bottom 208, and the horizontal 
surface 204. 

The alternating current waveform including the positive plating current 308, the 
negative deplating current 310, and the positive plating current 306 is alternated until the 
depth of metal deposition 612 rises to fill the space 622 as shown in FIG. 6F. Filling 
the space 622 from the bottom 208 is known as "bottom-up : deposition". This filling of 
the space 622 by deposited material thereby limits the creation of a void in the feature. 
During the application of the deplating current 310, copper is etched from the throats of 
the features more heavily than within the features as a result of the small horizontal area 
of the throat 620 defines a constriction and the amount of deplating currents flowing 
past the throats of the features to within the features are limited by this constriction. 
As the high current is applied to the substrate seed layer during the plating currents, 
copper ions still travel into the features (since the throats of the features are kept open 
by the deplating current 310) to fill space 622. 

The deplating current 310 limits the formation voids in features, as indicated in 
FIG. 2B and 6D, in which the throat is closed off. The deplating current 3 1 0 is then 
applied to keep the throat of the feature open by etching the deposited layer most 
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aggressively at the throat. The step 3 deposition/etching (dep-etch) waveform removes 
non-planar deposition surfaces resulting in bottom-up growth. The plating current and 
deplating current shown respectively as 308 and 310 in FIG. 3 can be used as the dep- 
etch-dep process. Preferably, the ratio of deposition to etch during each pulse cycle 300 
is between about 1 .5: 1 and about 5:1. Following the cycling of the dep-etch waveforms 
of step 3 (resulting in the changes of the depths of the deposited layers 610, 612, and 
614 shown in FIGs. 6C to 6F), the metal depth on the bottom 612 thickens until the 
space 622 is completely filled. The dep-etch-dep process is also useful for filling 
interconnect features. 

Contact resistance is a measure of the electrical resistance between the contact 
ring 9 and the substrate seed layer. Filling the entire feature with copper results in a low 
contact resistance due to the good electrical characteristics of copper. Discontinuities 
such as gaps or voids that form in the seed layer 1 5 over one or more of the features 
may be detected following the deposition process by measuring an increased contact 
resistance of the substrate. This increased contact resistance is a result of the decreased 
resistance of discontinuities (that include air) compared with filled features that contain 
copper. Following step 2 is a good time to measure contact resistance since any 
discontinuity in the seed layer 1 5 should be patched to make certain that the seed layer 
is continuous. Such patching should occur before a substrate undergoes steps 3-6, as 
described below. Any surface that does not have a seed layer cannot be plated. An 
additional deposition process such as can patch seed layer discontinuities described in 
step 3. 

Steps 4, 5, and 6: 

Following step 3, steps 4, 5 and 6 combine to provide deposition across both 
the horizontal surface 204 and above those features that were filled as described in step 
3. Step 3 pulse waveform is most effective at filling features having a smaller thickness. 
Certain features having a thicker width than shown will not be filled by the step 3 
waveform. Therefore, the bulk deposition applied in steps 4, 5, and 6 cover both the 
metal deposited in the filled smaller sized features and the horizontal surfaces 204. The 
bulk deposition process described in steps 4-6 also fills those larger dimensioned 
features that remain unfilled following step 3. During steps 4, 5, and 6, the features 
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remain filled because of the DC and pulsed currents applied during steps 1 to 3, 
described above. The electroplating that occurs during steps 4, 5 and 6 are referred to as 
"bulk deposition" between the anode and the seed layer 15 on the substrate. The term 
"bulk deposition" is appropriate since these steps represent when the greatest depth of 
metal is deposited to the horizontal surfaces 204. 

The thickness of the deposition layer on the horizontal surface is a design choice 
depending upon the intended use of the object, the electronic characteristics, and the 
designer's criterion and choices. As such, a wide variety of bulk deposition waveforms 
may be applied while remaining within the scope of the present invention. Common 
thicknesses of the deposited layer resulting from the bulk deposition range from l.OjLt to 
3.0|i. Step 4 may last from about 1 to 120 seconds in which a current density of about 
10 mAmps/cm 2 is applied to the object. In steps 5 and 6, the current level from the 
anode to the cathode is raised from the level in the previous step to increase the 
deposition rate. For example, step 5 may include a current density of about 40 
mAmps/cm 2 may be applied to the seed layer 15 from about 1 to 120 seconds. Step 6 
may last from about 1 to 120 seconds in which a current density of about 60 mA/cm 2 is 
applied to the seed layer. Steps 4, 5 and 6 represent an illustrative bulk deposition 
waveform, and are not limiting as the only waveform that may be used following the 
steps 1 to 3 waveform. 

The metal deposition in steps 4, 5 and 6 does not affect the deposition on the 
walls or the bottom of the features since the features are already filled in steps 1 to 3. 
The application of the steps 4, 5, and 6 current does not significantly effect the 
production of the fluid boundary layer that enhances the deposition process since the 
application of voltage occurs substantially independently of the fluid flow of the 
electrolyte solution that affects the boundary layer. Though one embodiment of current 
density waveform has been briefly set forth in this steps 4, 5, and 6 description, any 
suitable known plating current and technology can be applied to provide the desired 
depth of deposition layer on the horizontal surface. 

3. Controller Operation 

FIG. 4 shows one embodiment of method 400 performed by controller 98 in 
depositing metals on the seed layer on the substrate. The method 400 starts with block 
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402, in which prior to the immersing of the substrate in the electrolyte solution, the bias 
applied between the anode and the cathode is negligible since the electrolyte cell defines 
an open circuit. This open circuit exists since the cathode (wafer) is removed from (and 
does not electrically contact) the electrolyte solution. There is therefore no medium to 
carry electrical current between the anode and the cathode to form an electrical path. 
Method 400 continues to block 404 in which the seed layer 1 5 on the substrate is 
immersed into the electrolyte solution. During this immersion, the deposition on the 
seed layers is limited due to the limited surface area of the substrate exposed to the 
electrolyte solution. During the immersion, a closed circuit is incrementally created 
between the anode and the seed layer on the substrate. Block 404 may be viewed as the 
application of the step 1 DC current, as described above. 

The method 400 continues to block 407 in which the step 2 DC current 
waveform is applied. The step 1 current/voltage combined with the step 2 
voltage/current typically is applied for a total duration of from one to two seconds. 
During the step voltage/current, increasing the concentration of the metals contained in 
the electrolyte solution within the features compared with the concentration of the 
metals contained in the electrolyte solution adjacent the horizontal surface is desired. 
The deposition rate inside the feature will therefore equal (or exceed) the deposition rate 
on the horizontal surface of the seed layer outside of the feature to provide bottom-up 
deposition. The bottom-up deposition fills the features more completely than other 
known feature filling techniques. 

The method 400 then continues to block 408 in which.the controller 98 applies 
the pulsed waveform voltage as outlined in the description to step 3 above. 

The method 400 then continues to block 410 in which the controller (upon 
receipt of the desired depth of the deposition layer on the horizontal surface 204) 
applies a DC current between the anode and the cathode for a desired period. The 
period of deposition depends upon the desired depth of the deposition layer. The 
longer the steps 4, 5, and 6 DC currents are applied, the greater will be the deposited 
layer of metal on the horizontal surface 204. 

Following block 410, the method 400 continues to block 414 in which the object 
is removed from the electrolyte solution. Such removal of the substrate from the 
electrolyte solution results in an open electrical circuit being created between the anode 
and the cathode, since there is no electrical conductive path between the anode and the 



AMAT 4471 



* ft 



cathode. If further substrates are to be processed in the ECD system 10, then the 
method 400 is repeated on the subsequent substrates. The controller 98 can accept 
input from the operator indicating how to process each substrate, or process each 
substrate in an identical, repetitive manner. 

Although various embodiments that incorporate the teachings of the present 
invention have been shown and described in detail herein, those skilled in the art can 
readily devise many -other varied embodiments that still incorporate these teachings. 



